Abstract While it has been recognized that actions reducing greenhouse gas (GHG) emissions can have significant positive and negative impacts on human health through reductions in ambient fine particulate matter (PM 2.5 ) concentrations, these impacts are rarely taken into account when analyzing specific policies. This study presents a new framework for estimating the change in health outcomes resulting from implementation of specific carbon dioxide (CO 2 ) reduction activities, allowing comparison of different sectors and options for climate mitigation activities. Our estimates suggest that in the year 2020, the reductions in adverse health outcomes from lessened exposure to PM 2.5 would yield economic benefits in the range of $6 to $30 billion (in 2008 USD), depending on the specific activity. This equates to between $40 and $198 per metric ton of CO 2 in health benefits. Specific climate interventions will vary in the health co-benefits they provide as well as in potential harms that may result from their implementation. Rigorous assessment of these health impacts is essential for guiding policy decisions as efforts to reduce GHG emissions increase in scope and intensity.
Introduction
The serious threat posed by climate change to human health and well-being is leading to new national and international policies and programs aimed at reducing greenhouse gas (GHG) 1 -over the next 50 years, putting the world on a path toward stabilizing CO 2 concentrations around 500 parts per million (ppm) in the beginning of the 22nd century. The concept of "wedges" arises from considering a graph of projections of future CO 2 emissions under a "business-asusual" (BAU) scenario, drawing the horizontal or negatively sloped line from the present level of emissions to the emissions level necessary to achieve the desired climate outcome, and then dividing the triangular space between the BAU line and the desired line into "wedges," each of which represents the phased-in implementation of a CO 2 reduction activity over the 50-year time frame. We note that inclusion of the technologies described by Pacala and Socolow was based solely on technical feasibility, e.g., activities were excluded if they were deemed unable to scale up quickly enough or lacked sufficient global potential to reduce CO 2 emissions bỹ 3.7 GtCO 2 /year in 2054. The authors were not concerned with economic feasibility, costeffectiveness, or any other measures of net benefits from their specified wedge technology investments. Pacala and Socolow's (2004) wedge-based approach provides a unique framework through which to perform a health co-benefits analysis for the U.S. We apply this framework to estimate the expected health co-benefits associated with reductions in ambient PM 2.5 concentrations from implementation of specific, technically feasible GHG mitigation options over a defined time. Our purpose is not to present an array of GHG mitigation options that are individually scaled in terms of pace and degree of implementation by similar cost effectiveness or technical feasibility. Rather, as Pacala and Socolow have done, we start with an assumption of equal GHG reductions from each GHG mitigation option and estimate the associated health benefits that result from those equal "wedges" of CO 2 reduction. Our results are discussed within a larger policy context of information needs for decision making and are used to illuminate the types of analyses necessary to fully understand both the costs and benefits of climate change mitigation actions. A full assessment of the technical feasibility and costeffectiveness of each mitigation option was outside of the scope and purpose of this paper.
Methods
Our analysis consisted of four main parts: 1) determination of CO 2 reduction scenarios; 2) estimation of future changes in PM pollution; 3) calculation of health co-benefits; and 4) economic valuation of health endpoints.
2.1 Determination of CO 2 reduction scenarios 2.1.1 Identification of wedge activities Pacala and Socolow identified technically feasible technologies for reducing CO 2 emissions. From their list, we chose activities that could have been implemented in the U.S. in the year 2010, were associated with emissions of PM or PM precursors (NOx and SOx), and for which adequate baseline data were available. Nine specific activities were identified, including increased efficiency of vehicles, buildings, and power plants, and fuel substitution for vehicles and electricity generation (Table 1 provides the complete list of wedges included in the analysis). We also added one new wedge, which was not identified by Pacala and Socolow, but which had sufficient CO 2 reduction potential and would result in significant PM reductions: heavy-duty vehicle (HDV) fuel efficiency.
2 The activities included in our analysis fall into three main sectors: transportation, buildings, and power plants.
Defining CO 2 wedges
Pacala and Socolow defined a global wedge as an activity that avoids emissions of~3.7 GtCO 2 per year after 50 years. Because wedges are defined as triangles depicting avoided emissions that grow linearly with time, cumulative avoided emissions are equal to~90 GtCO 2 . These global wedge definitions can be scaled to a particular sector or region. For this analysis we define one "U.S. wedge" as about one-fifth of a global wedge (750 MtCO 2 /year after 50 years, or~19 GtCO 2 cumulatively), as U.S. fossil fuel CO 2 emissions comprised about 20 % of global emissions between (EIA 2011 . The pace of implementation of these wedges is consistent with assessments of feasibility in the U.S. (DOE 2006; EPA 2007; Duke et al. 2008; Eaken and Goldstein 2008) , although some wedges may require more aggressive policies than others.
Determining CO 2 reductions
The reduction in activity or amount of substitution needed to achieve one full U.S. wedge of CO 2 reduction by 2060 was estimated for each of the ten wedge activities. 3 We assumed that implementation of the wedge activities listed in Table 1 would have started as early as 2010. Implementation for the baseline case was assumed to be linear, such that 20 % of the needed reduction or substitution would occur by the year 2020. For the "optimistic" case scenario, it was assumed that implementation accelerated by ten years initially such that 40 % of the needed reduction or substitution occurred by 2020. For direct fuel use in buildings (wedge 5), the required GHG reductions by 2060-nearly 100 %-could only be achieved if aggressive electrification of building heat was pursued in tandem with increased efficiency, replacing nearly all direct fuel use appliances by 2060. Table 1 provides a summary of the baseline projected levels of activity (in appropriate units) for each wedge and the corresponding reduction in activity for one wedge of CO 2 reduction for the years 2020, 2030 and 2060. Given the projected rate of increase of U.S. CO 2 emissions,~6 wedges would be needed to keep emissions flat at the 2010 level of~6 GtCO 2 /year. To reduce emissions to 80 % below the 2010 level-consistent with IPCC recommendations for developed countries (Fisher et al. 2007 
Estimating future changes in PM pollution
For wedges 3-8, reductions in the emission of conventional air pollutants were assumed to scale proportionally with reductions in CO 2 for each time point. For example, if energy efficiency for power plants was estimated to reduce CO 2 emitted by 10 %, an identical reduction was assumed for PM and its precursors. PM reductions were assumed to affect all populations and regions equally and were applied for each activity and activity combination to the total future year estimated PM and PM precursor emissions. Improvements in LDVefficiency (wedge 1) could be decoupled from conventional pollutant emissions as vehicle PM standards are not directly benchmarked to fuel use. An additional concern is that, historically, fuel efficiency policies only applied to new vehicles, delaying fleetwide efficiency improvements until old vehicles are retired. We used a simple fleet turnover model to estimate future fleet-wide fuel and PM reductions over time given new vehicle efficiency standards (see Appendix A in the SOM). With current LDV fleet turnover rates, adopting new LDV efficiency standards soon (e.g., in 2015) would affect almost all vehicles by 2030, but only~50 % of the fleet in 2020. Because older vehicles emit more PM per kg of fuel burned compared to newer vehicles, a LDV standard that improves efficiency (and PM emissions) by 30 % for vehicles produced in 2015 and after would reduce fleet-wide PM bỹ 10 % by 2020 and close to 30 % by 2030. Thus, standard efficiency policies could achieve fleet-wide CO 2 and PM reduction targets by 2030; in fact, recently the U.S. Environmental Protection Agency (EPA) effectively doubled fuel efficiency requirements for new LDVs by 2025. However, to achieve the same CO 2 and PM reductions by 2020 would require increased fuel efficiency of new vehicles and early retirement of a portion of older vehicles.
Among HDVs (wedge 2), a larger portion of fleet-wide GHG and especially PM emissions are attributed to older vehicles compared to LDVs, as HDVs generally have longer useful lifetimes than LDVs and stringent emissions controls were implemented for new HDVs more recently than similar controls for LDVs. A 30 % improvement in efficiency (and PM emissions) for new HDVs starting in 2015 would reduce fleet-wide PM emissions by only 2 % in 2020 and 9 % in 2030 (see Appendix A in SOM). Thus, standard new vehicle efficiency regulations would not achieve GHG reduction targets and would generate little co-benefits by 2030. To obtain the 50 % GHG reductions targets in wedge 2 by 2030, a policy to increase new vehicle efficiency would need to be coupled with policies to support early retirement of a portion of older vehicles. 4 Policies to support early retirement of HDVs are technically feasible but costly. Variable renewables (wind and solar-wedges 9 and 10) can offset fossil power generation. As the supply of renewables increases, some regions will begin to intermittently curtail baseload supply resources such as coal power. Zhai et al. (2012) used an hourly energy system model to investigate technical feasibility and simulate deployment of 10 % solar photovoltaic power into 10 regions across the United States. They found that the introduction of variable renewables like solar would reduce a proportional amount of coal power in regions with specific prior generation resource mixes characterized by high dependence on coal and nuclear power. Much of the area from the Dakotas through West Virginia has a generation mix that fits the profile described by Zhai et al. (2012) , and that area contains roughly 60 % of the country's coal power generation (see Appendix B in SOM). Thus, to achieve the full co-benefits from wedges 9 and 10, deployment would need to be targeted to these regions.
As EPA rules (such as the Propose Rule on Carbon Pollution Emission Guidelines for Existing Stationary Sources: Electric Utility Generating Units, US EPA, 2014) may reduce future conventional pollutant emissions from power plants, the determination of an appropriate baseline for co-benefits estimation is critical. Legal proceedings surrounding EPA rulings introduced significant uncertainty for predicting a co-benefit baseline, thus we chose a moderate baseline reflecting some EPA mandated controls but not the full suite of controls possible if the EPA faced no legal challenges. The baseline is derived from EPA estimates of national emissions for 2020 primary PM, SOx, and NOx for coal-fired power plants developed for the Clean Air Interstate Rule (CAIR) Regulatory Impact Assessment (RIA) (EPA 2005) . These estimates are similar to estimates from the Energy Information Administration (EIA 2007) . We note that although recent expansion of natural gas and wind power has displaced some coal power generation, we chose a baseline developed prior to this shift and explicitly specify increased use of natural gas and wind power as wedges.
Calculation of health co-benefits

Health impact function
Health impact functions relate changes in health outcomes to changes in ambient PM 2.5 concentrations. Health impact functions typically consist of four components: a concentration-response (CR) function derived from epidemiological studies, a baseline incidence rate for the health effect of concern, the affected population, and the projected change in ambient PM 2.5 concentrations. CR functions are a standard approach for estimating health burdens associated with an exposure; they estimate the extent of impact by level of exposure. The majority of the studies used to estimate CR functions assume the relationship between adverse health outcomes and concentrations of PM 2.5 is best described as log-linear, where the natural logarithm of the health response is a linear function of PM 2.5 concentrations; this assumption is based on a rich literature base (EPA 2006) .
Intake fractions are used to calculate the exposure concentration of PM 2.5 associated with a given amount of emissions in the year 2020. An intake fraction is the fraction of PM 2.5 released from a source (such as motor vehicles or power plants) that is eventually inhaled or ingested by a population. It is dimensionless and can be defined as the ratio of the time-averaged mass of pollutant inhaled by a population to the time-averaged total amount of pollutant emitted (Levy et al. 2002) . For more information, see the SOM.
Health endpoints and CR functions
Our analysis relied on the EPA's Regulatory Impact Analysis (RIA) for PM 2.5 for identification of relevant health endpoints as well as the primary studies to derive CR functions (EPA 2006) . EPA identifies four categories of health endpoints: premature mortality, chronic illness, hospital admissions, and a category of other. EPA's choice of endpoints is based on a weight-of-evidence approach, taking into account factors such as biological plausibility of effects, availability of CR functions, cohesiveness of results across peer-reviewed studies, and public health impact (e.g. hospital admissions). For greater detail, readers are referred to the PM 2.5 RIA (EPA 2006) .
In general, selection of studies included considerations of the study design and location, characteristics of study populations, study endpoints, and whether studies were peer-reviewed. For endpoints where greater than one primary study was identified, we pooled CR coefficients via fixed effects inverse weighting. Fixed effects pooling weights each CR estimate in proportion to the inverse of its variance; studies with lower standard errors are given greater weight in the final pooled estimate. The SOM provides a summary of the health endpoints included in our analysis, the peer-reviewed studies used to generate CR coefficients, and the age group targeted in each study.
Baseline health incidence rates
Baseline incidence rates for each health endpoint are needed to translate the relative risk of health effect derived from the CR function to the absolute change in health effect, or the number of avoided cases per year. Table D2 in the SOM provides a summary of baseline incidence rates and their sources. Whenever possible, average baseline incidence rates for different age groups were determined from national survey data. For those endpoints with survey data, we chose the most recent incidence rate available to include in the analysis. We also analyzed the previous 5 years of survey data to assess trends and ensure comparability of incidence rate estimates between years. Most data came from publicly available Centers for Disease Control and Prevention databases (age-and cause-specific mortality, respiratory-and cardiovascular-related hospital admissions, emergency-room visits for asthma, and acute bronchitis, work-loss days, and minor-restricted activity days). For other endpoints, the only incidence data for the population of concern comes from the primary study itself. In these cases, the incidence in the study population is assumed to represent the incidence in the national population. More detail on incidence data is presented in the SOM.
Economic valuation of health endpoints
To estimate the gross economic benefits of reductions in PM 2.5 concentrations due to CO 2 wedge activities, we relied on economic valuation estimates provided by EPA's PM 2.5 RIA and through guidance provided for BenMap, EPA's benefits mapping and analysis program (EPA 2006 (EPA , 2008 . In general, EPA applied Value-of-Statistical-Life (VSL), willingness-to-pay (WTP), or direct cost approaches to health endpoints to generate a Year 2000 U.S. dollar (USD)-adjusted monetary value associated with their reduction. Details of the valuation of benefits can be found in the SOM.
Uncertainty analysis
The change in health and economic outcomes associated with different wedge activities for the year 2020 depends on five main analysis inputs: change in PM 2.5 emissions, CR functions, baseline health incidence rates, 2020 population projections, and intake fractions (to relate emissions of PM 2.5 to concentrations). Each is uncertain to a different degree and we characterized the total uncertainty surrounding final health and economic outcomes through Monte Carlo uncertainty propagation of the inputs. For more information on the uncertainty analysis, see the SOM.
Results
GHG reduction activities have the potential for substantial, near-term health co-benefits related to subsequent reductions in PM air pollution. Table 2 shows the total economic benefits (in discounted Year 2008 USD) associated with reduction in adverse health outcomes from one wedge of CO 2 reduction for the year 2020. Benefits under the various activity options range from approximately $6 to $30 billion under the baseline implementation scenario. The more optimistic, rapid implementation scenario yielded total benefits ranging from $10 to $56 billion.
The magnitude of health co-benefits varied significantly among wedge options. A wedge of direct fuel end-use building efficiency resulted in nearly $30 billion in health co-benefits, while a wedge of improved LDV fuel efficiency or reductions in VMT resulted in around $6 billion. These differences reflect the ratio between CO 2 and conventional pollutant emissions for a given source and the percentage reduction in the baseline activity of the source needed to produce one U.S. wedge, or 750 MtCO 2 of reductions in 2060. Natural gas combustion leads to relatively fewer emissions of conventional air pollutants for a given amount of CO 2 emissions, and therefore substitution of enough coal to achieve a full wedge of CO 2 reductions results in substantial reductions in conventional air pollutant emissions. Conversely, one wedge of end-use efficiency in buildings results in less health co-benefits than one wedge of power plant efficiency. This is because the reductions in electricity generation and associated 2. Increase heavy-duty vehicle fuel efficiency $7,700 $13,000
3. Reduce light-duty vehicle miles traveled $6,000 $10,000
4. Increase electric end-use building efficiency $10,300 $17,000 5. Increase direct fuel end-use building efficiency $29,700 $56,000
6. Increase efficiency of baseload coal plants $7,700 $13,000
7. Substitute natural gas for coal power $14,000 $24,000 8. Substitute nuclear power for coal power $7,600 $13,000 9. Substitute wind power for coal power $7,800 $13,000 10. Substitute solar photovoltaic power for coal power $7,700 $13,000 air pollution emissions were assumed to be proportionally spread among all different sources of electric power in assessing building efficiency, whereas the efficiency improvements in coal-fired power plants result directly in reductions in air pollution emissions from that source alone.
We performed an additional sensitivity analysis to assess what parameters contributed the greatest amount to the overall variance. In all analyses, the CR function for the health endpoint and the percentage reduction associated with the wedge activity were the two greatest contributors. In general, the CR function was the greatest contributor for mortality endpoints, while the percentage reduction was the dominant source of variability for asthma.
Discussion
This study offers a framework for comparing the health co-benefits for U.S. climate change mitigation activities across multiple sectors. Pacala and Socolow (2004) demonstrated how selection among 15 "wedges," or specific technological activities, could achieve sufficient CO 2 reductions to stabilize global emissions. We defined an appropriate "wedge" for the U.S. and identified benefits to human health through reductions in secondary PM emissions. While other considerations are important to decision-making on climate change mitigation policy, including net costs of implementation, equity and social justice implications, and technical feasibility, our intent is to demonstrate a method to estimate the gross economic value of health benefits and encourage that these analyses be incorporated into climate policy decision-making processes.
Comparison with other studies reveals that our results are of similar magnitude, with many thousands of premature deaths avoided and gross economic benefits in the tens of billions of dollars associated with reducing GHG emissions. Expressed in terms of dollars of benefits per ton of CO 2 reduced, this study, with individual wedges offering between $40 and $198 per tCO 2 in health benefits, overlaps with the range of other studies. Values from the review by Nemet et al. 2010 , for the U.S. ranged from $4 to $116 per tCO 2 , while Groosman et al. 2011 , reported values of $1 to $77 per tCO 2 .
To place our calculated gross economic health benefits in context, estimated implementation costs for wedge activities from the recent literature are summarized in Table E2 in the SOM. For most wedges, the range in cost is spanned by -$90 and $62 per tCO 2 .
5 The exceptions are wedge 1 (increased LDV fuel efficiency), wedge 6 (increased efficiency of baseload coal plants), and wedge 8 (substitution of nuclear power for coal baseload power) that have much higher upper-bound cost estimates (between $292 and $818 per tCO 2 ), but lowerbound cost estimates (between -$108 and $88 per tCO 2 ) that are nearly within the range of the other wedges. The interpretation of these results is that all wedges might be implementable at a cost of ≤$88 per tCO 2 (and possibly zero or negative cost), but three wedges (1, 6 and 8) could become cost-prohibitive if their upper-bound estimates reflect future reality. Together with our estimates of the health co-benefits of wedges between $40 and $198 per tCO 2 , the net implementation cost of most wedges could be significantly lower than $88 per tCO 2 (or even negative), but the uncertainty range is still large.
In carrying through the analysis to the economic valuation of reduced adverse health outcomes, a number of critical assumptions and methodological choices were made. Because our analysis assessed relative differences among reductions from specific sources, a method of estimating population-level exposures based on specific source reductions in primary pollutant emissions was necessary. We chose intake fractions as an initial approach in order to provide a computationally simple yet still scientific way of estimating dispersion of emissions. The use of intake fractions involves several major assumptions, including spatially uniform reduction of emissions, continued validity of distribution of sources and dispersion modeling upon which the intake fractions were originally based for 2020, and similar spatial distribution of the U.S. population in 2020. Models that take into account individual power plants and model air concentrations more directly would allow greater confidence in the results.
In this paper, PM and precursor emissions reductions are assumed to occur in direct proportion to CO 2 emissions. This assumption might be violated if any sources are regulated by flexible market-based programs, such as allowance trading. Specifically, binding CO 2 limits may cause some plants to retire, thus lowering overall SO 2 and/or NO x emissions. If SO 2 and/or NO x were not also subject to binding caps, sources of those pollutants other than CO 2 producing coal-fired plants may increase their emissions. (Groosman et al. 2011) . In this situation, the cobenefits associated with reductions in coal-fired power generation capacity would be diminished.
We have used health cost data developed by EPA for air pollution regulatory impact assessment. This assumes that these willingness-to-pay and health cost data remain valid in 2020. We have neither applied discount rates to these values nor attempted to estimate future values adjusted for inflation of health care costs and other economic values due to added uncertainty introduced by these extra steps and the intention to facilitate comparisons among options rather than provide specific economic benefit predictions.
While evaluating the efficacy of individual wedge activities is useful, an evaluation of multiple activities implemented at one time would be important in assessing the full array of policy options. The combined impacts of wedges that address sequential factors in the chain of emissions production would likely be less than additive for both carbon dioxide and particulate matter. For instance, either a 50 % improvement in fuel efficiency for light-duty vehicles (LDVs) or a 50 % reduction in vehicle-miles traveled (VMT) would individually result in a 50 % reduction in CO 2 emissions for the LDV transportation sector. However, when combining these two activities, the net reduction in CO 2 emissions (and PM, if assumed to track linearly) is 75 %, rather than 100 %, because the emission reductions from reduced VMT will be smaller if the vehicles are also more fuel-efficient. Conversely, if the analysis is constrained to maintaining a full wedge of CO 2 reduction from both activities after combination, the PM reductions would also be additive. Additional analysis of combined wedges can be found in the SOM.
In conclusion, avoided adverse health outcomes related to reduced PM exposures from climate change policies can be anticipated to offset the costs of implementing such policies. Our estimates suggest that the economic benefits from one wedge of PM reductions would be in a range from $6 to $30 billion per year in 2020. Specific climate interventions will vary in the health co-benefits they provide as well as in potential harms that may result from their implementation. Rigorous assessment of these health impacts is essential for guiding policy decisions as efforts to reduce GHG emissions increase in urgency and intensity.
